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example of a MXene with X-site solid solution. 11 Altering the surface terminations can be made by chemical treatment such as alkali treatment and/or post-etching heat treatment to remove F terminations. [29] [30] Quite recently quaternary n = 1, or 211, MAX phases with in-plane chemical ordering were discovered. These phases were labeled i-MAX because of the ordering of two different M elements, in a 2:1 ratio, in the basal planes. The first example was (Mo2/3Sc1/3)2AlC. 31 When this phase was etched both the Al and Sc atoms were removed and a MXene -Mo1.33CTz wherein the vacancies were ordered -was produced. This vacancy-ordered 2D material exhibited a three orders of magnitude higher electrical conductivity and a 65% higher capacitance when used as a supercapacitor electrode compared to Mo2CTx. Furthermore, an ultrathin flexible Mo1.33CTx/polymer film showed promising performance as a solid-state supercapacitor. 32 Since then, other i-MAX phases have been theoretically predicted and synthesized such as (V2/3Zr1/3)2AlC, (Mo2/3Y1/3)2AlC and (Cr2/3Sc1/3)2AlC. [33] [34] A characteristic feature of the i-MAX phases is that the minority M elements extends from the M towards the Al layers, with a structure described by a (C2/c) or (C2/m) symmetry. 32 This is opposed to the traditional MAX phase of P63/mmc symmetry, which describes most quaternary 211 MAX phases (solid solutions) realized.
A large majority of MXene work to date has been carried out on Ti3C2Tx. There are others, however. Recently, Nb2CTx flakes have shown promising performance for photothermal cell ablation and as a photocatalyst for hydrogen evolution in addition to previously reported results for energy storage applications. [35] [36] [37] [38] These reports were the impetus for this work, together with our recent discovery of a quaternary i-MAX phase in which the minority M element -Sc in this case -was readily etched.
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First, we synthesized the new quaternary MAX solid solution, (Nb2/3Sc1/3)2AlC, wherein the M elements Nb and Sc are not ordered. We then selectively etched both Al and Sc atoms to produce Nb1.33CTx, with randomly distributed vacancies and vacancy clusters. A schematic of our approach is shown in Figure 1a . In principle this method should be applicable to any quaternary MAX phase in which the minority M-element is etchable. 
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The quaternary solid solution, (Nb2/3Sc1/3)2AlC, was synthetized by reacting the elemental powders, Nb, Sc, Al, and, C in a molar ratio of 4/3:2/3:1:1 at 1400 °C for 2 h in flowing Ar (processing details can be found in Supporting Information). The crystal structure is shown in leftmost panel in Figure 1a . Figures 1b and 1c show Scanning Electron Microscope, SEM, images of the (Nb2/3Sc1/3)2AlC powders before, and after, etching, respectively. Figure 1d shows a typical Figure S1 ). Figure 1e shows a crosssectional SEM image of a free standing thin film made by filtering delaminated Nb1.33CTx flakes.
The STEM images, shown in Figure 2 ,a and b, show the typical MAX phase layered structure. 13 The MAX phase identification is further confirmed by the selected area electron diffraction, SAED, (inset in Figure 2a,b ). Rietveld refinement analysis of a powder the X-ray diffraction (XRD) pattern ( Figure 2c ) was used to quantify the various phases present. According to Rietveld analysis (refinement details can be found in the Supplementary Information), the sample contained the following phases: (Nb2/3Sc1/3)2AlC, NbAl3, NbC, (Nb2/3Sc1/3)3AlC2, and (Nb2/3Sc1/3)4AlC3 with weight % of: 68(2) wt.%, 10.1(4) wt.%, 17.4(4) wt.%, 2.5(3) wt.%, and 2.0(2) wt.%, respectively. When all the phases were considered, the χ 2 value was 8.78. Note that the powder showed evidence for (Nb2/3Sc1/3)n+1AlCn, with n = 1, 2 and 3.
For the main phase (Nb2/3Sc1/3)2AlC, since Nb and Sc are randomly distributed in transition metal position, the quaternary MAX phase retains the P63/mmc symmetry of ternary MAX phases.
The a and c lattice parameters were calculated to be 3.12915(5) Å and 13.9736(3) Å, respectively, which agree with those obtained from STEM and SAED. These lattice parameters are slightly larger than those of Nb2AlC (a = 3.096-3.126 Å and c = 13.804-13.888 Å). 39 The difference can be ascribed to the larger metallic radius of Sc (160 pm) compared to Nb (145 pm). 40 Similarly, and likely for the same reason, the lattice parameters of (Nb2/3Sc1/3)4AlC3 (a = 3.1855(5) Å and c = 23.878(6) Å) are slightly larger than those of Nb4AlC3 (a = 3.1296 Å and c = 24.1208 Å). 41 Despite the fact that to date Nb3AlC2 has not been experimentally realized, the introduction of Sc appears (Figure 1c ). Clearly the Sc atoms are more reactive than the Nb, which is consistent with theoretical calculations that have shown that the Sc-C and C-Al bonds in Sc2AlC are of comparable strengths and both weaker than the Nb-C or Nb-Al bondsin Nb2AlC. 44 To obtain Nb1.33CTx monolayers, the ML powder was intercalated with tetrabutylammonium hydroxide (TBAOH) in water following the procedure described by Naguib et al., 45 followed by delamination in water by hand shaking, yielding a ≈ 1 mg/ml suspension of, most probably, single MXene flakes in water. To produce a delaminated d-Nb2CTx suspension starting with Nb2AlC, using the same method, the etching time had to be increased to 100 hcompared to 30 h for (Nb2/3Sc1/3)2AlC -yielding a colloidal suspension with a concentration of < 0.5 mg/ml. Hence, the introduction of Sc in the MAX phase improves yield and reduces etching time.
When filtering the Nb1.33CTx and Nb2CTx suspensions, only the former formed flexible, freestanding films that were easy to handle. The latter formed a brittle film that could not be peeled off the filter membrane without breaking into small pieces. It is for this reason that no transport properties are reported for this compound. Table S4 ). Note that the fraction of the -F surface terminations for both compounds is low which is common for MXenes treated with TBAOH. [45] [46] At 2.5, the total number of termination moles of for dNb1.33CTx, is 0.5 higher than the theoretical value of 2 obtained when all surface sites are filled. 47 This suggests that some of the surface terminations may very well reside in the vacancies that result from the removal of the Sc atoms and are thus, strictly speaking, no longer terminations.
The total moles of terminations for d-Nb2CTx, excluding N, is 1.7, which is less than 2.
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A semi-log plot of the resistivity, ρ, vs. temperature, T, of a 22 µm thick d-Nb1.33CTx film is shown in Figure 5a . The details of the measurements can be found in the Supporting Information.
As the temperature decreases from 300 K to 7 K, ρ increases from 0.556 to 1500 Ω.m. To shed more light on the transport mechanism, the ρ data in the 7 to 300 K temperature range were fitted to several models, including 2D, 3D and the Efros-Shklovskii, E-S, variable range hopping, VRH, simple thermal activation and power-law (non-exponential) models. The fitting results ( Figure 5b and Figure S5 ) clearly eliminate the latter two ( Figure S5 ). The same results, however, cannot differentiate between the various VRH models; the R 2 for 2D, E-S and 3D VRH models are comparable, 0.9980, 0.9978 and 0.9964, respectively. Figure 5b plots the results for the most likely model, viz. 2D VRH, the other fits for the other models can be found in Figure S5 . Similar behavior has been reported for other MXene films such as Mo2CTx, 46 Mo2TiC2Tx and Mo2Ti2C3Tx. Zeeman effect or localized magnetic moments. 52 These comments notwithstanding, much more work -which is beyond the scope of this paper -is needed to obtain a deeper understanding of conduction in our films.
In conclusion, a facile, reproducible, relatively rapid method for producing random vacancies 
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Materials and methods

MAX and MXene synthesis
Synthesis of (Nb2/3Sc1/3)2AlC: Powders of (Nb2/3Sc1/3)2AlC were synthesized by a solid state reaction of elemental powders. Powders of Nb (99.8%, 325 mesh, Alfa Aesar, Kandel, Germany), Sc (99.99%, Standford Advanced Material, USA), Al (99.5%, 325 mesh, Alfa Aesar, Kandel, Germany) and C (99.9995%, 200 mesh, Alfa Aesar, Karlsruhe, Germany) were placed in an agate mortar in a 4/3:2/3:1:1 molar ratio and manually mixed. After mixing they was poured in a Teflon jar and hand shaken for 5 min. The mixture was heated at a rate of 5 °C /min to 1400 °C in an alumina crucible under 5 sccm Ar flow and held at 1400 °C for 2 h. After furnace cooling, the lightly sintered sample was crushed, using the agate mortar and pestle and sieved through a 450 mesh sieve.
Synthesis of Nb2AlC: Powders of Nb2AlC were synthesized by a solid state reaction of elemental powders as detailed in Ref. 1 In short, powders of Nb (99.8%, 325 mesh, Alfa Aesar, Kandel, Germany), Al (99.5%, 325 mesh, Alfa Aesar, Kandel, Germany) and C (99.9995%, 200 mesh, Alfa Aesar, Karlsruhe, Germany) were mixed as above and heated at a rate of 5 °C /min to 1600 °C in an alumina crucible under 5 sccm Ar flow and held at 1600 °C for 2 h. After furnace cooling, the lightly sintered sample was crushed, using the agate mortar and pestle and sieved through a 450 mesh sieve.
Synthesis of 2D Nb1.33CTx: Two grams of (Nb2/3Sc1/3)2AlC powder were slowly added to a Teflon bottle containing 40 ml of 48% aqueous HF (Honeywell Fluka, Sweden). The bottle containing the mixture was placed on a stir plate at room temperature and the mixture was stirred using a Teflon coated magnet for 30 h. The resulting suspension was washed with DI water for several cycles till the a pH of ≈ 6 was reached. In each washing cycle 40 ml of DI water were added to the mixture in a centrifuge tube and the tube was hand-shaken for 1 min before centrifuging at 5000 rpm for 1 min. The settled powder was removed from the centrifuge tube and filtered through a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore size, Celgard, LLC, USA) for further investigation.
One gram of the filtered powder was added to a 5 ml of an aqueous solution of 54-56 wt.% TBAOH, (C4H9)4NOH, (Sigma Aldrich, Sweden). The mixture was hand-shaken for 5 min then washed 3 times by 40 ml DI each time; the resulting sediment was used for further characterization and delamination.
To obtain a delaminated Nb1.33CTx colloidal suspension and free-standing films, the TBAOH intercalated powder was mixed with water (1 g Nb1.33CTx per 50 ml of DI water) and hand-shaken for 5 min. Then the mixture was centrifuged for 1 h at 5000 rpm and the supernatant -which was comprised of, presumably, single or few delaminated Nb1.33CTx flakes at a concentration of 1 mg/ml -was collected. The suspension was then vacuum-filtered onto a nanoporous polypropylene membrane (3501 Coated PP, 0.064 µm pore size, Celgard, LLC, USA) in air. The delaminated d-Nb1.33CTx "paper" was easily separated from the membrane to obtain free-standing, flexible Nb1.33CTx films.
Synthesis of 2D Nb2CTx: Two grams of Nb2AlC powder were slowly immersed in a Teflon bottle containing 20 ml of 48% aqueous HF. The bottle containing the mixture was placed on a stir plate at room temperature and the mixture was stirred using a Teflon coated magnet for 100 hr. The resulting suspension was washed with DI water for several cycles till the mixture reached a pH of ≈ 6. In each washing cycle 40 ml of DI water were added to the mixture in a centrifuge tube and the tube was hand-shaken for 1 min before centrifuging at 5000 rpm for 1 min. The settled powder was removed from the centrifuge tube and filtered through a nanoporous polypropylene membrane for further investigation.
One gram of the filtered powdered was added to a 5 ml of an aqueous solution of 54-56 wt.% TBAOH, (C4H9)4NOH. The mixture was hand-shaken for 5 min then washed 3 times by 40 ml DI each time and the sediment was used for further characterization and delamination.
To obtain a Nb2CTx colloidal suspension and free-standing film, the TBAOH intercalated powder was mixed with water (1 g Nb2CTx per 50 ml of DI water) and sonicated using an ultrasonication bath for 1 h. Sonication was performed while the mixture was bubbled with N2 gas. The mixture was then centrifuged for 1 h at 5000 rpm and the supernatant -which was comprised of, presumably, single or few delaminated Nb1.33CTx flakes at a concentration of 0.5 mg/ml -was collected. The suspension was then vacuum-filtered onto nanoporous polypropylene membrane in air. Unfortunately, the delaminated d-Nb2CTx "paper" was stuck to the membrane and attempts to separate the two from each other resulted in the breakdown of the film into small brittle pieces.
Materials characterization
The microstructures and morphologies of the MAX and MXene samples were characterized by Scanning Transmission Electron Microscope (STEM) combined with high angle annular dark field imagining (STEM-HAADF) in a double-corrected Linköping FEI Titan 3 60-300, operated at both 300 kV and 60 kV and Transmission Electron Microscopy (TEM) FEI Tecnai T20 operated at 200 kV accompanied with Selected Area Electron Diffraction (SAED). The MAX phase sample was prepared by embedding the ground-mixed powder in a Cu grid with a carbon film. For the delaminated MXene flakes, a few from a water suspension were drop cast on to the Cu grid with carbon film.
Scanning Electron Microscopy (SEM) imaging was performed using a SEM LEO 1550 Gemini operated with an acceleration voltage between 5 and 15 keV equipped with an Oxford INCA Energy E2H X-ray Energy Dispersive Spectrometer (EDS) system with Silicon Drifted detector.
X-ray diffraction (XRD) was carried out on a PANalytical X'Pert powder diffraction, with Cu source (λKα ≈ 1.54 Å). A graded Bragg-Brentano with a 1/4° divergent and 1/2° anti-scatter slits, and a 5 mm anti-scatter slit together with a Soller slit (with an opening of 0.04 radian), in the incident and the diffracted beam sides were used, respectively.
The XRD pattern of the (Nb2/3Sc1/3)2AlC powder was analysed by the Rietveld refinement method, using the FULLPROF code. [2] [3] Refined parameters were scale factors from which relative phase fractions were evaluated, X and Y profile parameters for peak width, lattice parameters (LPs) and atomic positions for all phases in addition to the occupancies of Nb and Sc atoms in the (Nb2/3Sc1/3)2AlC and Nb and Sc atoms in (Nb2/3Sc1/3)3AlC2 occupying the atomic position (0.333, 0.667, 0.122). The background was refined via linear extrapolation of a manually selected background.
X-ray photoelectron spectroscopy (XPS) measurements were performed on a free-standing d-Nb1.33CTx film and a d-Nb2CTx film stuck on the filter membrane using a surface analysis system (Kratos AXIS Ultra DLD , Manchester, U.K.) with monochromatic Al-Kα (1486.6 eV) radiation. Each sample was mounted on a double-sided tape and grounded to the sample stage with copper contacts. The X-ray beam irradiated the sample surface at an angle of 45⁰, with respect to the surface and provided an X-ray spot of ≈ 300 x 800 µm. Charge neutralization was performed using a co-axial, low energy (~0.1 eV) electron flood source to avoid shifts in the recorded binding energy (BE). XPS spectra were recorded for F 1s, O 1s, C 1s, Al 2p, and Nb 3d and Sc 2p. The analyser pass energy used for all the regions was 20 eV with a step size of 0.1 eV. The BE scale of all XPS spectra was referenced to the Fermi-edge (EF), which was set to a BE of zero eV. The peak fitting was carried out using CasaXPS Version 2.3.16 RP 1.6 in the same manner as in references [4] [5] [6] [7] . The global elemental percentage was quantified as in references [4] [5] [6] [7] . The temperature-dependent in-plane resistivity measurements were performed in a Physical Property Measurement System (PPMS) controlled by the Model 6000 for temperatures from 1.9 to 400 K and external magnetic field up to 14 T.
Results
for the Rietveld refinement of the XRD pattern of (Nb2/3Sc1/3)2AlC powder Table S1 . Rietveld refinement of (Nb2/3Sc1/3)2AlC, (Nb2/3Sc1/3)3AlC2 and (Nb2/3Sc1/3)4AlC3 phases of XRD pattern shown in Fig. 1e . The mass fractions of the different phases were: (Nb2/3Sc1/3)2AlC (68 (2) Table S5 ). 
